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Abstract
To enhance hydrogen production rate and increase substrate utilization efficiency of anaerobic fermentation, three carrier materials, 
Granular Activated Carbon (GAC), Zeolite Molecular Sieve (ZMS) and Biological Ceramic Ring (BCR), were used as carrier materials 
in Continuous Mixed Immobilized Sludge Reactors (CMISRs). The effects of carrier materials and substrate organic loading rate (OLR, 
OLR = 12, 24, 36, 48 kg/m3/d) on biohydrogen production were investigate, respectively. The highest HPRs of ZMS, GAC and BCR were 
achieved under the OLR of 36 kg COD/m3/d, and were 2.01, 1.81, and 2.86 L/L/d, respectively. The highest COD removal efficiencies of ZMS, 
GAC and BCR were 38.95 % (OLR = 24 kg COD/m3/d), 36.47 % (OLR = 36 kg COD/m3/d), and 41.03 % (OLR = 36 kg COD/m3/d), respectively. 
The best substrate degradation rate of ZMS, GAC and BCR were 40.33 % (OLR = 24 kg COD/m3/d), 38.30 % (OLR = 24 kg COD/m3/d) and 
45.60 % (OLR = 12 kg COD/m3/d). The results indicated that biological ceramic ring get better hydrogen production and wastewater 
treatment performance as sludge carrier material for hydrogen production in immobilized bioprocesses.
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1 Introduction
The production of clean energy has become an urgent 
research area because severe global environmental prob-
lems (global warming, acid rain, ozone holes, etc.) appear 
to be caused by the combustion of fossil fuels (coal and 
oil) [1]. Hydrogen has a high calorific value of 286 kJ / mol, 
and the combustion product is water, which is environ-
mentally friendly. Therefore, hydrogen can be used as an 
ideal  energy  to  substitute  fossil  fuels  [2].  Traditional 
hydrogen production methods have relied on fossil fuels 
accompanied by the emission of greenhouse gases [3, 4]. 
Biohydrogen production from activated sludge through 
anaerobic fermentation has unique advantages of high 
ecological adaptability, simple reaction conditions and 
low nutrient requirements [5, 6], which have been exten-
sively researched worldwide. The Continuous Stirred 
Tank Reactors (CSTR) is one of the most commonly used 
anaerobic reactors both in engineering applications and 
in  experimental  studies,  it  is  equipped with  a magnetic 
stirrer, which can keep the microorganisms of the anaero-
bic sludge in suspension by adjusting the stirring rate, and 
the biochemical reaction rate increases with the increase 
in the impeller rotation rate [7, 8]. However, the suspended 
microorganisms  are  influenced  by  the  increase  in  the 
hydraulic load applied by the rotating impeller; therefore, 
sludge is easily washed out [9]. The loss of microbial bio-
mass can  reduce  the  fermentation efficiency and hydro-
gen production rate of the fermentation system. Sufficient 
biomass is needed to maintain a high hydrogen produc-




Cell immobilization techniques can be used to increase 
the  biomass  concentration  for  both  the  mixed  and  pure 
cultures  [12–14].  Lutpi  et  al.  [15]  immobilized  anaero-
bic  sludge  from  palm  oil mill  effluent  on GAC  and  used 
sucrose as  a  substrate  in  repeated batches. The maximum 
HPR  was  found  to  be  2.7  mmol  H
2
 / L / h,  and  the  hydro-
gen  yield  peaked  at  2.8 mol H
2
  (mol  hexose  consumed)−1 
at  an HRT of  12  h. Mohan  et  al.  (2008)  [16]  investigated 
2|Li et al.Period. Polytech. Chem. Eng. 
anaerobic sludge immobilized on mesoporous material 
[SBA-15(mesoporous)] and activated carbon using chemical 
wastewater as a substrate and obtained a H
2
 production rate 
of 7.29 mol / kg COD / d at an OLR of 0.83 kg COD / m3 / d.
The carrier materials for immobilization can be syn-
thetic polymers, such as calcium alginate and polyvi-
nyl alcohol, or naturally available materials, such as lig-
nocellulosic materials from agricultural residues [17]. 
The selection of the immobilized materials should be 
pliable to release the generated hydrogen, have optimum 
porosity and be economic when it comes to large scale 
procurement. Granular Activated Carbon (GAC), Zeolite 
Molecular  Sieve  (ZMS)  and  Biological  Ceramic  Ring 
(BCR) are used as the immobilized materials in CMISR. 
Activated carbon has undoubtedly been the most popular 
and widely used adsorbent in wastewater treatment appli-
cations throughout the world [18], and as one of the acti-
vated  carbon,  GAC  has  good  adsorption  efficiency,  but 
it has the relatively high cost which led to the researches 
on alternative low-cost immobilized materials [19]. 
ZMS has a high ion exchange rate and outstanding resis-
tance to erosion by acid, alkali and salt [20]. BCR is a novel 
product  that has been widely used  in  the water-purifica-
tion industry in the last few years owing to its high-den-
sity microspores and surface area up to 1650 m2 / g, which 
is suitable for the attachment and growth of microorgan-
isms  [21].  In addition, BCR has good chemical  stability, 
and it can be washed and reused repeatedly, which causing 
BCR has greater potential in large-scale systems [22].
The BCR and ZMS are less studied in hydrogen produc-
tion and the studies on comparison of immobilized materi-
als in CMISR for hydrogen production is limited. Thus, the 
study of additional available carrier materials is needed 
to achieve a higher substrate conversion as well as higher 
HPR and hydrogen yields. In this experiment, GAC, ZMS 
and BCR were employed as carrier materials in an anaero-
bic hydrogen production system. The hydrogen production 
capacity, the system stability and the energy recovery effi-
ciency were compared to determine the optimal carrier mate-
rial. The results of this experimental study can provide a ref-
erence for fermentative hydrogen production experiments.
2 Materials and methods
2.1 Physical properties of carrier materials
In  this  study,  three  different materials,  ZMS,  GAC  and 
BCR,  were  selected  as  carrier  materials  in  a  CMISR 
hydrogen production system. The main physical proper-
ties of the three materials are listed in Table 1.
The three carrier materials have different physical char-
acteristics; ZMS has a high ion exchange rate and outstand-
ing resistance to erosion by acid, alkali and salt. GAC is 
widely used in both wastewater and waste gas treatment 
due to its porous structure providing a large internal sur-
face area and its low cost causing GAC has greater poten-
tial  in  large-scale  systems.  In  addition,  BCR  is  a  novel 
product that has been widely used in the water-purification 
industry in the last few years owing to its high-density 
microspores and surface area up  to 1650 m2 / g, which  is 
suitable for the attachment and growth of microorganisms. 
In addition, BCR has good chemical stability, and it can be 
washed and reused repeatedly [23].
2.2 Feed composition and inoculated sludge
The molasses wastewater was collected from the local 
sugar  refinery,  and  the  wastewater  composition  is  shown 
in  Table  2.  The  fermentation  substrate  was  maintained 
a COD:N:P ratio of 200–800:5:1 by diluting molasses waste-
water and adding NH4Cl and KH2PO4 ,  and  the  influential 














The anaerobic seed sludge used in this study was 
obtained from the secondary sedimentation tank of a local 
municipal wastewater treatment plant (Harbin, China). 
The sludge was sieved through a mesh with a diameter 
of 0.5 mm to eliminate large particulates. Afterwards, the 
raw sludge was aerated intermittently to inhibit the meth-
anogen biological activity. After 30 days, the MLVSS and 
VSS/SS of  the sludge were 15.77 g / L and 68 %,  respec-
tively.  ZMS,  GAC  and  BCR  were  added  to  immobi-







ZMS 4–6 1920–2800 1100
GAC 1.5–2 1420 950
BCR 10 × 10 2500–3600 1650
Table 2 The composition of molasses wastewater
Composition Percentage (%) Composition Percentage (%)
Dry matter 75–85 MgO 0.01–0.1











O5 0.02–0.07 Fe2O3 0.001–0.02
CaO 0.15–0.8 Ash 4–8
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2.3 Continuous immobilized sludge reactor
Three  continuous  CMISR  hydrogen  production  systems 
(Fig. 1) with the effective volume of 6.0 L were used in this 
study. Each CMISR was equipped with a solid -  liquid - 
gas three-phase separation device and a magnetic stirrer; 
and the stirring rate was controlled at 50 rpm to control 
the rotation speed of the inner fermentation substrate. 
A temperature sensor was installed inside the CMISR and 
was connected with a temperature control device to main-
tain an internal temperature of 35±1 °C, maintaining 
the optimum temperature environment for microorgan-
isms in the anaerobic activated sludge.
The  influent  flow  rate was  controlled  by  a  feed  pump 






until steady state conditions were obtained. Steady state 
conditions were based on the constant products with a 
variation  of  less  than  10  %.  Each  CMISR  was  sampled 
at the fixed OLR over at least 10 days. The OLR was then 
increased to the next level (24, 36 and 48 kg COD / m3 / d) 
and the reactor was operated until steady state conditions 
were achieved as noted above. All the samples obtained 
from this study were analyzed in triplicate.
2.4 Analytical methods
Biogas produced from the CMISR was collected and mea-
sured daily at a room temperature using a wet gas meter 
(Model  LML-1,  Changchun  Filter,  Changchun,  China). 
The hydrogen content was analyzed by a gas chromato-
graph  (SC-7,  Shandong  Lunan  Instrument  Factory), 




and HBu) and ethanol in the fermentation solution were 
analyzed  by  a  gas  chromatograph  (GC  112,  Shanghai 
Anal.  Inst.  Co.).  The  gas  chromatograph  was  equipped 
with  a  flame  ionization  detector  (FID),  and  a  2  m 
stainless-steel  column  was  packed  with  the  GDX-103 
(60–80 mesh) support material. The temperatures of the 
injection port,  oven,  and detector were 220  °C, 190  °C, 
and 220 °C,  respectively. Nitrogen was used as  the car-
rier gas at a flow rate of 30 mL / min [24]. The COD, pH, 
Oxidation-Reduction  Potential  (ORP)  and  biogas  yield 
were monitored daily according to standard methods [25].
2.5 Substrate degradation rate
Substrate  degradation  rate  is  defined  as  the  measure  of 
the percentage of organic matter anaerobically degraded 
and can be calculated  from  the detected SMP,  the  influ-
ent COD concentration  and  the daily  influent volume of 
molasses wastewater according to Eq. (1):
AD
EtOH HAc HPr HBu
COD
=
× + × + × + ×
×
×
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alent  COD  of  ethanol,  acetate,  propionate  and  butyrate, 
respectively. Q  represents  the  daily  influent  volume  of 
molasses  wastewater  (L / d).  CODinf represents  the  COD 
concentration of influent molasses wastewater (mg / L).
3 Results and discussion




hydrogen  content  and Hydrogen  Production Rate  (HPR) 
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were monitored. As shown in Table 3 and Fig. 2, the car-
rier  materials  and  OLRs  had  significant  effects  on  the 
HPR and hydrogen  content. The CMISR  system contin-
uously released hydrogen from the 3rd day of sludge inoc-
ulation, and no methane was detected during the whole 
period. The intermittent aeration of raw sludge can inhibit 
the activity of methanogens while maintaining metabolism 
of hydrogenogens. Under a low OLR (12 kg COD / m3 / d), 







the HPRs  of  ZMS, GAC  and BCR  reached  the  highest; 
the HPR of BCR was 2.86 L / L / d, and it was 1.46 times 
that  of  GAC  (2.01  L / L / d)  and  1.59  times  that  of  ZMS 
(1.81 L / L / d). Among the immobilization materials, BCR 
resulted  in  higher  hydrogen  production  than  ZMS  and 
GAC, possibly because of the higher biomass attachment 




The performance of other immobilized sludge hydro-
genproduction systems using natural or synthetic sup-
port  carriers  got  the maximum HPR  in  range  of  0.074–
14.64 L / L / d (Table 4 [15], [23], [26]–[29]). In this study, 
the  best  HPR  of  2.86  L / L / d  was  obtained  at  OLR  of 
40  kg  COD / m3 / d.  The  CMISR would  be more  feasible 
in practical applications, because the substrate (molas-
ses wastewater) used in this study was more complex and 
available compared to other studies.
3.2 Fermentation type and substrate degradation rate
During  the  fermentation  progress  of  molasses,  various 
kinds  of  Soluble  Metabolite  Products  (SMP)  are  gener-
ated along with the hydrogen production, and the main 
SMPs are found to be ethanol, acetate, butyrate and propi-
onate [30, 31]. Metabolite composition is a very important 
factor effecting hydrogen production directly.
Thorough the study of the concentrations and composi-
tions of SMPs, the fermentation pathway can be concluded. 
The fermentation pathway can be concluded into 5 types, 
butyric acid fermentation, lactic acid fermentation, propi-
onic  acid  fermentation,  ethanol  fermentation  and  mixed 
acid fermentation, of which ethanol-type pathway is a bet-
ter and more stable metabolic pathway for hydrogen pro-
duction  [32].  Ethanol-type  fermentation  is  characterized 
by the sum content of the acetic acid and ethanol accounts 
for over 70 % of the total metabolites. Fig. 3 lists the compo-
nents and content of the Soluble Metabolites Product (SMP) 
hydrolyzed from molasses wastewater by hydrolytic fermen-
tation bacteria using different carrier materials. As shown 
in Fig. 3, the SMPs content had positive correlation with the 




OLR. According  to  the definition of  ethanol-type  fermen-
tation of Ren et al. [33], the sum percentage of ethanol and 
acetate  accounted  for  over  70 %  of  the  SMPs. As  shown 
in Fig. 3,  the  fermentation  types were maintained at etha-
nol-type under the OLR from 12 to 48 kg COD / m3 / d.
Substrate degradation rate is defined as the measure of 
the percentage of organic matter anaerobically degraded 
and can be calculated  from  the detected SMP,  the  influ-
ent COD concentration  and  the daily  influent volume of 
molasses wastewater according to Eq. (1).















12 0.54 0.55 0.61 0.018 Yes
24 1.45 1.04 1.78 < 0.0001 Yes
36 2.01 1.81 2.86 0.0362 Yes
48 1.26 0.61 2.25 < 0.0001 Yes
Fig. 2 Hydrogen content of immobilized CMISR system
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additional  surface  to  attachment  generate  the  biofilm 
for the bacteria biomass [34], which have a high tendency 
in binding capacity which mostly for organic matter, and 
therefore provide an environment that is rich in nutrients 
and hence promoting the microbial adhesion [35].
3.3 Performance of the CMISR system
The fermentation substrate in this experiment was molas-
ses wastewater, which was the by-product of beet sugar pro-
duction. The main components of molasses were sucrose, 
glucose and fructose, and the organic compounds can be 
degraded by microorganisms. The COD removal efficiency 
(Fig. 5) was greater than 70 % on the first and second day 
after start-up, which can be owing to the carrier materi-
als, which had strong adsorption ability of organics, owing 












removal  rate  was  caused  by  the  complete  oxidation  of 
the organic compounds by the microorganisms.
As the carrier materials approached a saturated adsorp-
tion state and the activity of the aerobic bacteria were inhib-
ited by the anaerobic environment,  the COD removal effi-
ciency  decreased  to  10  %.  As  the  facultative  anaerobic 
bacteria and anaerobic bacteria gradually adapted to the 
anaerobic environment, the absorption and conversion effi-
ciency of organic matter in molasses wastewater gradually 
increased with the rapid growth and succession of micro-
organisms. The highest COD removal efficiencies of ZMS, 
GAC and BCR were 38.95 % (OLR = 24 kg COD / m3 / d), 
36.47  %  (OLR  =  36  kg  COD / m3 / d),  and  41.03  % 
(OLR  =  36  kg  COD / m3 / d),  respectively. 
Under  OLR  =  48  kg  COD / m3 / d,  the  inner  pH  was 
3.91  (±0.43),  the  COD  removal  efficiency  of  BCR  can  be 
maintained at 29.95 %, and this is mainly because the BCR 
has good acid  resistance  [21, 22]. The physical properties, 
such as surface potential, do not change in acidic environ-
ments and do not  affect  the biofilm properties on  the  sur-
face  and  microbial  activity.  The  COD  removal  efficiency 
of ZMS and GAC decreased rapidly, and the low pH envi-
ronment caused both the surface of the carrier material and 
the organic wastewater to be positively charged. An electro-
static repulsion was generated, weakening the complexation 
between the carrier material and the organic wastewater, 
Table 4 Comparison of hydrogen production rate obtained from various immobilization materials
Inoculum Reactor Carrier materials Substrate HRT(h)
Temperature 
(°C) HPP (L / L / d) Reference
Sewage sludge Continuous 
CSABR, AGSBR
Powdered 
activated carbon Glucose 6.0 - 14.64 Wu et al. [26]
House hold solid 
waste
Up-flow biofilm 
reactor Plastic carrier Glucose - 70 0.074 Zheng et al. [27]





GAC Palm oil mill 12 60 1.45 Lutpi et al. [15]
Anaerobic sludge CSTR - Molasses wastewater 6.0 35 1.72 Li et al. [28]
Anaerobic sludge CSTR - molasses 24 1.43 Yun and Cho [29]
Anaerobic sludge CMISR BCR Molasses wastewater 6 35 2.86 This study
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thus, inhibiting the carrier material absorptivity and meta-
bolic activity of the microorganisms in the biofilms [37].
Hydrogenogens are very sensitive to the change in pH, 
and the changed pH would affect the growth and reproduc-
tion rate and the microbial community structure in both the 
start-up and operation phases [38]. A low pH (pH < 3.2) 
would cause the hydrogen-producing bacteria to deviate 
from the normal physiological conditions, thereby reduc-
ing the level of metabolism [39]. To maintain the nor-
mal activity of hydrogen-producing bacteria and inhibit 
the  metabolism  of  methanogens,  the  pH  of  the  CMISR 
can be controlled at approximately 4.2  to maintain etha-
nol-type fermentation accordingly [40].
As  shown  in Fig. 6,  on  the first  day,  the pH of ZMS, 
GAC  and  BCR  were  5.82,  5.86  and  5.72,  respectively, 
which  were  higher  than  the  appropriate  pH  (pH  =  4.2). 
The reason for the higher pH is that the microorgan-
isms in the activated sludge demonstrated low micro-
bial activity and did not adapt to the anaerobic environ-
ment  after  being  inoculated  into  the  CMISR.  However, 
the pH decreased gradually with the degradation of 





respectively.  The  optimum OLR  for  hydrogenogens was 
Fig. 3 Concentrations and compositions of SMPs 
(a) OLR = 12 kg COD / m3 / d, (b) OLR = 24 kg COD / m3 / d, 
(c) OLR = 36 kg COD / m3 / d, (d) OLR = 48 kg COD / m3 / d.
Fig. 4 Substrate degradation rate of substrate degradation rate
Fig. 5 COD removal efficiency of immobilized CMISR system
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36 kg COD / m3 / d according  to  the analyses between  the 
OLR and HPR (Section 3.1), and at the same time, the pHs 
under  this OLR were  4.07  (ZMS),  3.96  (GAC)  and  4.17 
(BCR),  respectively,  which  is  the  appropriate  pH  range 
for the hydrogenogens and ethanol-type fermentation. 
When the OLR was  increased  to 48 kg COD / m3 / d, vol-
atile acids were produced and accumulated through the 
hydrolysis and fermentation phase in the CMISR, and that 
caused the pH continued to decrease and to 3.83 (ZMS), 
3.57  (GAC),  and 4.15  (BCR),  respectively. And  the  rela-
tively lower pH inhibited the activity of some essential 
enzymes and metabolic pathways [41], which caused the 
decreasing of hydrogen production (Table 3).
The  ORPs  (Fig.  6  (b))  showed  the  CMISR  was  in  a 




by microorganisms in the system.
4 Conclusions
With  molasses  used  as  the  fermentation  substrate, 
immobilized sludge biohydrogen production systems 
with ZMS, GAC and BCR as carrier materials were stud-
ied in CMISR system. Both the OLR and the carrier mate-
rials type affected biohydrogen productivity and operation 
stability. The maximum hydrogen production rate (HPR) 
of  2.86  L / L / d  was  obtained  with  BCR  as  the  immobi-
lized material  under  the OLR of  48  kg COD / m3 / d,  and 
the maximum COD removal efficiency was 41.92 % with 
substrate degradation  rate of 44.88 % under  stable etha-
nol-type  fermentation  in  CMISR.  The  results  indicated 
that biological ceramic ring get better hydrogen produc-
tion and wastewater treatment performance as sludge car-
rier material for hydrogen production in immobilized bio-
processes. The findings obtained from this study seem to 
be promising for the use of immobilized bioreactor con-
figuration using biological ceramic ring as carrier material 
for enhanced biohydrogen production.
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